The mean of this paper is fuzzy sliding mode control of a Doubly Fed Induction Motor (DFIM); it's the coupling of the fuzzy logic control and sliding mode control (SMC). The use of the sliding mode method provides very acceptable performance for DFIM control, and the chattering phenomenon effect is also eliminated by the fuzzy logic mode. In the first part, we carried out briefly a study of modeling on the full system. This model is intended to facilitate the procedures for setting and controlling the speed. We introduced the parameter variation to test the robustness of the control laws. The results of our simulations are conducted to validate the theory and indicate that the control performance of the DFIM is satisfactory and the proposed fuzzy sliding mode control (FSMC) can achieve favorable tracking performance.
Introduction
Since the early years of industrialization, the researchers were faced with "how to control the electric machines at variable speed." Electric drives require high performance, increased reliability, and reduced cost. Among these machines is doubly fed induction machine (DFIM) [1] [2] [3] is an asynchronous machine with wound rotor which can be supplied at the same time by the stator and the rotor with external source voltages [4] .
It was first studied to be used as a high-speed motor. The many benefits of this machine are: reduced manufacturing cost, relatively simple construction, higher speed and do not require ongoing maintenance. In recent decades, the advances in technology of power electronics and microcomputer, different applications of DFIM became possible. Their interest lies mainly in the speed control options with and without mechanical sensors as well as the regimes in either motor or generator operations with flux control powers for hypo and hyper-synchronous features [5] . For operation at different speeds a converter PWM (Pulse Width Modulation) must be inserted between the machine and the network. Whatever the speed of the machine, the voltage is rectified and an inverter connected to the network side is responsible to ensure consistency between the network frequency and that delivered by the device. The DFIM is essentially nonlinear, due to the coupling between the flux and the electromagnetic torque. The vector control or field orientation control allows a decoupling between the torque and the flux [6] [7] .
With the field orientation control (FOC) method, induction machine drives are becoming a major candidate in high-performance motion control applications, where servo quality operation is required. Fast transient response is made possible by decoupled torque and flux control Sliding mode control (SMC) technique, due to its order diminution, disturbance elimination, robustness and simple realization, is one of the prospective control methodologies for electrical machines [8] [9] . The main feature of SMC is the robustness against parameter variations and external disturbances. Various applications of SMC have been conducted, such as robotic manipulators, aircrafts, motors, chaotic systems, and so on [10] [11] [12] . SMC has been employed to the control of the many type of machines. But because of the discrete laws control switch feature of SMC, the chattering can occur in the control system [13] , [14 -16] .
Fuzzy logic is a potent tool for controlling illdefined or parameter-variant plants. By generalizing Fuzzy rules, a Fuzzy logic controller can cope well with severe uncertainties. Fuzzy schemes with explicit expressions for tuning can avoid the heavy computational burden [17] [18] [19] [20] .
In order to reduce or eliminate the phenomena chattering, researches have proposed the fuzzy sliding mode [9] [21] [22] , and the adaptive fuzzy sliding mode control for Brushless Doubly Fed Machine [23] and in the power system [24] .
In this work, for their simplicity and efficiency to capture the severe nonlinearities of the DFIM, the fuzzy sliding mode control will be used. Till now, fuzzy sliding mode control has been used in very few control applications such as, nonlinear control and the speed control of machines. Nevertheless it is still possible to achieve robustness and highly efficient dynamics using a control technique. This is the case with the controller presented herein where a fuzzy sliding mode controller is designed to achieve the speed stabilization of DFIM. The present work deals with a fuzzy sliding mode controller method for controlling the speed of DFIM in a vectorcontrol mode.
The paper is organized as follows: In Section 2 mathematical model of the DFIM is presented. In section 3, we begin with the DFIM oriented model in view of the vector control; next the stator flux ϕS are estimated. Fuzzy sliding mode is presented in section 4 and gives the design procedure of the proposed controller with the simulation results given in section 5. Finally, some conclusions are drawn in section 6.
Description and modeling of DFIM
In the training of high power as the rolling mill, there is a new and original solution using a double feed induction motor (DFIM). The stator is feed by a fixed network while the rotor by a variable supply which can be either a voltage or current source.
The three phase induction motor with wound rotor is doubly fed when, as well as the stator windings being supplied with three phase power at an angular frequency ωs the rotor windings are also fed with three phase power at a frequency ω.
The electrical model of the DFIM presented in figure 1 , is expressed in a (d-q) synchronous rotating frame. 
Reference
With Is, Ir, Vs and Vr denote stator currents, rotor currents, stator terminal voltage and rotor terminal voltage, respectively.
The subscripts s and r stand for stator and rotor while subscripts d and q stand for vector component with respect to a fixed stator reference frame [25] .
The fluxes are given by: 
Where ϕs, ϕr, Is, Ir and M represents the stator flux, the rotor flux, the stator inductance, the rotor inductance and the mutual inductance, respectively. Replaces (3) in (1) and (2) 
Where ωs, ω, Rs and Rr denote stator pulsation, rotor pulsation, stator resistance and rotor resistance, respectively.
DFIM model in the form of state equation
For the DFIM the control variables are the stator and rotor voltages, [26] by considering:
 An input-output current decoupling is set for all currents;  The (d-q) frame is oriented with the stator flux;  Due to the large gap between the mechanical and electrical time constants, the speed can be considered as invariant with respect to the state vector. Under these conditions, the electrical equations of the machine are described by a time variant state space system as shown in (5) ..
.
With X, A, B, U, Y and C represent the state vector, system state evolution matrix, matrix of control, vector of the control system, output vector and output matrix (observation matrix) respectively, Where
Using the frequently adopted assumptions, like sinusoid ally distributed air-gap flux density distribution and linear magnetic conditions and considering the stator voltages (Vsd, Vsq) and rotor voltages (Vrd, Vrq) as control inputs, the stator current (Isd, Isq), and the rotor current (Ird, Irq) as state variables.
From a matrix representation:   00 00 00 00 
In analogy to equation (9) with equation (5) 
Ls, Lr are stator and rotor cyclic inductances, σ is redefined leakage factor. [26] The generated torque of DFIM can be expressed in terms of stator currents and stator flux linkage as:
P is number of pole pairs; In addition the mechanical dynamic equation is given by
J, Ce, Cr, and f denote the moment inertia of the motor, the electromagnetic torque, the external load torque and viscous friction coefficient, respectively. Ω is the mechanical speed.
Vector control by direct stator flux orientation
To simplify the control we need to make a judicious choice reference. 
By replacing (15) in (1) and (2) 
The relationship of the rotor current 
The relationship of the mechanical speed
Where Ts= Ls/Rs and Tr= Lr/Rr are stator and rotor time-constant respectively. [20] 
Stator flux estimator
In the direct vector control stator flux oriented DFIM, precise knowledge of the amplitude and the position of the stator flux vector is necessary.
In motor mode of DFIM, the stator and rotor currents are measured whereas the stator flux can be estimated [26] . The flux estimation may be obtained by the following equations 
Fuzzy sliding mode control of DFIM
Sliding mode control is a variable structure control (VSC). Basically, VSC includes several different continuous functions which map the plant state to the control surface. The switching among these functions is determined by the plant state which is represented by the switching function. [29] 
Speed control method
To apply the sliding mode control theory to the speed of DFIM, follow the steps in the design of a sliding control. The speed control is done by control the rotor current Ird. So the control law:
The speed error is defined by:
The expression of the speed control surface:
Substituting the expression of Ὼ equation (23) in equation (30), we obtain: 
Lyapunov function V defined by 
During the convergence of lyapunov function, the condition Ṽ (Ω) = S (Ω).Ṡ (Ω) <0 0 must be checked.
In the sliding mode and in permanent regime, we have S(Ω)=0, Ṡ(Ω)=0, I s rq=0.
Where the equivalent control is:
Therefore, the correction factor is given by:
To verify the system stability condition, the constant KIrq must be positive.
Fuzzy sliding mode controller design
The conventional sliding mode controller produces high frequency oscillations in its outputs, causing a problem known as chattering. The chattering is undesirable because it can excite the high frequency dynamics of the system. To eliminate chattering, a continuous fuzzy logic control uf is used to approximate the discontinuous control KIrq sign(S(Ω)), (Fig. 2) . We chose the triangular and trapezoidal membership functions because of the simplicity of implementation, when the number of the functions increases the stability increases. The membership functions for input and output variables are chosen in Fig. 3 . 
Results and discussion
In this section, simulations results are presented to illustrate the performance and robustness of proposed control law when applied to the DFIM. The parameters values of the motor as shown in Table. 2.
The motor is operated at 157 rad/s under no load and a load disturbance torque (5 N.m) is suddenly applied at t=0.6s and eliminated at t=1.6s (-5 N.m) , and the rotor resistance variations (increase at 100 % of nominal value rotor resistance), while the other parameters are held constant.
Comparison between SMC and FSMC
The responses of speed, torque, stator flux and rotor current are shown in Figures 4-11 .
The fuzzy logic control is used to mimic the hitting control law to remove the chattering. Compared with the conventional sliding mode controller, the fuzzy sliding mode control system results in robust control performance without chattering. The chattering free improved performance of the FSMC makes it superior to conventional SMC, and establishes its suitability for the system drive. The results of the speed control have shown that the control with fuzzy sliding mode controller ensures good dynamic performance with respect to the control with sliding mode controller even in the presence of parametric variations and external disturbances.
We remark in the Fig. 7 a net amelioration of the results of the fuzzy sliding mode method compared with the sliding mode method. In fact, the elimination of the chattering problem permits the smoothness of the control law. 
Conclusion and future works
In this paper, the speed regulation of DFIM with two controllers, sliding mode (SMC) and fuzzy sliding (FSMC) controller has been designed and simulated. The comparative study shows that the FSMC controller can be improve the performances of speed of the DFIM control. The simulation results have confirmed the efficiency of the FSMC controller for different working conditions. The results show that the FSMC controller has good performance, and it is robust against exterior perturbations.
In the futures works we propose another controls techniques for example the type 2 fuzzy sliding mode controller, fusion of neural networks with fuzzy techniques, high-order sliding mode control and the adaptive interval type 2 fuzzy controller of the DFIM.
